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ABSTRACT 
A laboratory experiment was designed for undergraduate students, in which the 
outcome of an easy single-step synthesis with well defined conditions was not 
elucidated until the end of the exercise. The laboratory component, divided in two 10 
sessions and completed in 6-7 h, was carried out using a Guided Inquiry Approach. In 
class, students predicted and discussed the possible products using their knowledge of 
reaction mechanisms, whereas, in the laboratory, they learned how to safely carry out a 
reaction with gaseous isobutene and to isolate and identify the two main products. The 
class-component could be implemented independently as a theoretical exercise –in a 15 
“virtual experiment”- simply by presenting the methods and results to students using a 
guided-inquiry approach. The finding that the simple reaction led to a largely 
unexpected product, together with open discussions with students covering several 
theoretical aspects applicable to this reaction, helped to promote critical thinking and 
provided an effective educational tool to better understand the process of scientific 20 
research in chemistry. 
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INTRODUCTION AND TIMETABLE 
 
A research-based experiment was envisioned to promote critical thinking, 
initiative and curiosity through Guided Inquiry approach.1 The laboratory experiment 
was carried out in groups with 10 volunteers, typically working in pairs, on three 35 
independent occasions. The experimental results were also reported by these students 
to other peers in class, which allowed detailed discussion of theoretical aspects with a 
further 30 students.  
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The students were presented with an easy-to-perform and robust reaction in a 40 
two day experiment, for a total laboratory time of 6-7 hrs. This deceptively simple setup 
was a rich source of theoretical discussion, due to several mechanistic possibilities: the 
experimental outcome was found by many to be counterintuitive, forcing a 
reassessment of initial hypotheses. As well as teaching valuable experimental methods 
and procedures, the overall exercise helped to illustrate clearly the scientific method in 45 
organic synthesis. 
 
The Prins reaction is particularly suitable for exploration of mechanisms, because 
after initial activation of an aldehyde with a Brønsted or Lewis acid, followed by addition 
of an olefin (Figure 1) to form a cationic intermediate (Figures 2 & 3), multiple products 50 
can be formed.2 In this laboratory experiment students had to consider and critically 
discuss each possible mechanistic pathway. 
 
The exercise was divided into four parts: i) a class discussion to predict the products 
of the given reaction (1-2 h); ii) an experimental part (6-7 h divided in 2 days, 2-3 h the 55 
first day and 5-6 h the second); iii)  structure determination by spectroscopy  (1 h) and 
iv) presentation of the results to the class and conclusions to determine agreement or 
disagreement between data and predictions (1-2 h). In the Supporting Information, each 
part is accompanied with some questions, answers, comments and points of 
discussions to guide the student’s understanding of the exercises. 60 
CLASS DISCUSSION  
 
The class discussion was ideally suited for peer-discussion in pairs, in which students 
were first asked to consider the question individually and then to reconsider after a 
brief discussion with their neighbors.3 Initially, students were asked  to “list the possible 65 
products of a given reaction”  (Figure 1), knowing the experimental conditions used.  
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Figure 1. Reaction Scheme. 
 70 
The reaction between glyoxylic acid (1) and isobutene (2) in dichloromethane catalyzed 
by sulfuric acid provides an interesting source of discussion,4 because glyoxylic acid 
has two reactive groups, a carboxylic acid and an aldehyde 5 and two transformations 
can occur: the alkylation of the acidic moiety through the tertiary carbocation formed 
after electrophilic addition of isobutene to sulfuric acid, 6 and the electrophilic addition 75 
of the aldehyde to the alkene. 2 Nearly 90% of the students involved in this project 
recognized immediately that isobutene can give electrophilic addition to sulfuric acid to 
form a tertiary carbocation (Figure 2a), leading to further reaction with the acidic moiety 
of glyoxylic acid, which ends-up alkylated (Figure S1), whereas only about 60% realized 
that isobutene can also act as a nucleophile on the activated aldehyde in a formal Prins 80 
addition (Figure 2b).  
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Figure 2. Schematic representation of the Prins  addition of isobutene to the aldehyde and of the electrophilic addition of 85 
isobutene to sulfuric acid. 
 
The carbocation resulting from the Prins addition can react further in ways that 
students were asked to critically assess (Figure 3) and to explore experimentally in the 
laboratory. 90 
Crucial questions used to guide students to consider alternative reactivities and 
to discuss with them mechanistic aspects are reported in the Notes for Instructors, in 
the S.I. After class discussion students were able to propose additional reaction 
pathways and list the possible products (Figure 3), speculating about the more 
reasonable mechanisms. 95 
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Figure 3. Proposal of reaction pathways and possible products from further reaction of the carbocation intermediate that is 
formed by formal Prins addition of isobutene to the activated aldehyde. 
EXPERIMENTAL PART AND STRUCTURE DETERMINATION 100 
 
All the student volunteers were able to set up the experiment correctly using the 
guidelines provided on all three occasions tested, whereas in the work-up, about 2 in 10 
students could not separate efficiently the two main products in their first attempt: a 
colorless oil  and a white powder, whose structures should be determined by NMR. The 105 
colorless oil was found to be the olefin (7) (yield = 20%), whereas the white powder 
corresponds to the protected hydroxylactone (4) (yield = 60%). The reported yields were 
obtained from the average yields of the students, which in the best case were y = 70% 
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for (4) and 25% for (7). The detailed laboratory procedure for students, the notes for 
instructors, student’s results and characterizations are reported in the S.I.. 110 
 
Our experience of student volunteers reporting their results to peers suggests that 
this experimental part can be provided “virtually”, with the methods and results 
provided by the demonstrator; in this case, the theoretical aspects alone may be 
sufficient to provide a valuable lesson and shorten the time for the whole exercise to 2-3 115 
hrs, which combines Part 1 (class discussion), Part 3 (structure determination by NMR 
spectroscopy) and Part 4 (reassessment of initial hypothesis). 
 
HAZARDS 
 120 
General laboratory safety procedures, such as wearing safety goggles, a laboratory 
coat and nitrile gloves, must always be followed. All organic and inorganic chemicals in 
this experiment are considered hazardous, and direct physical contact must be avoided. 
Glyoxilic acid is corrosive for the skin and irritating for the eyes. All experiments must 
be performed in a fume-hood. Particular care should be taken when using methylene 125 
chloride as solvent during the reaction and deuterated chloroform as solvent for NMR 
spectra, as both are suspected carcinogenic compounds. Care must also be taken when 
using sulfuric acid, a corrosive chemical. Isobutene gas is flammable, and the 
experiment has to be conducted under a well-ventilated fume hood, in the absence of 
free flames or heat sources. For a more detailed description of how to use a spray can of 130 
isobutene, carefully read the S.I. Cyclohexane and ethyl acetate are both flammable 
solvents and, additionally, skin contact and inhalation must be avoided.  Although dry 
ice (CO2 ) is not classified as toxic or harmful in accordance with the "Globally 
Harmonized System of Classification and Labelling of Chemicals (GHS)., prolonged 
exposure to dry ice can cause severe skin damage through frostbite. Dry ice sublimates 135 
into large volumes of carbon dioxide gas which could pose a danger of hypercapnia and 
should therefore only be exposed to open air in a well-ventilated environment. 
The hazard and precautionary statements reported in the S.I. must be carefully read 
and understood by students, before entering the lab. 
 140 
RE-ASSESSMENT OF INITIAL HYPOTHESIS 
 
At the end of the exercise, students involved in the experimental part, were asked to 
present to the rest of the class their results, formulating conclusions and evaluating 
their initial hypotheses. Although in the initial class-discussion more than 90% of the 145 
students had correctly expected the formation of the hydroxylactone (4) as major 
product, upon challenge of which of the two possible minor products (6) or (7) would be 
expected, about 80% of students had argued for (6) as the more stable product. 
However the experimental finding, to the surprise of most students, revealed the less 
substituted olefin (7) as the minor product. Specific points for discussion are widely 150 
reported in the Notes for Instructors in the S.I.. 
 
CONCLUSION 
 
In a typical laboratory situation by practising organic chemists, students were called 155 
to predict the possible products of a given reaction with the help of guiding questions. 
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The initial class discussion helped the students to define and analize a problem and to 
improve their critical skills. In the laboratory, students learned how to handle a reaction 
with gaseous isobutene, to purify products and, finally, to identify these through 
spectroscopy. At the end of this experiment, the educational achievement for the 160 
students was to re-define their hypotheses after the products have been characterized 
experimentally, in a reiterative process. 
 
Students involved in this experiment found it exciting to work in a typical research 
situation encountered by chemists that was not a merely a predictable text-book 165 
exercise. Judging from student-feedback, this exercise provided the valuable lesson that 
chemistry remains an empirical science and that even a simple reaction cannot be 
easily explained or predicted: conclusions and results need to be supported by solid 
data, which provide a test for hypothesis and provides basis for theoretical models. 
Conversely, the discussion of ideas and of chemical theory is important in guiding 170 
experimental approaches. 
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